Bol og netti, Di pa rtimento Biopatologia Umana, Sezione 3iol ag ia Ce I I u la re, Policlinico Umberto I, Universith di Roma 'La Sapienza', 00161 Roma, Italy 2 lstituto PasteurTruncated versions of the tuf gene for elongation factor T u (EF-Tu; 400 aa) from the hyperthermophilic bacterium Thermotoga maritima have been produced by progressive 3' + 5' trimming. The truncated genes have been expressed in Escherichia coli and the thermal stability of the gene products has been assayed by monitoring their GDP-binding capacity after preheating the cell-free extracts a t various temperatures (65-95 "C). One of the truncated proteins, corresponding to the nucleotide-binding domain (G domain; aa 1-200) appears to be only slightly less stable than the full-length EF-Tu. Replacement of the first 90 N-terminal residues of both the full-length Thermotoga EF-Tu and tho isolated G domain with the corresponding sequence of the mesophilic bacterium €. cdi, drastically destabilizes both the complete and the truncated protein, indicating that sequence element(s) that are crucial for the attainment of a thermally stable conformation of the Thermotoga EF-T u lie well within the initial portion of the G domain between residues 1 and 90. The relevant residues defy identification, however, as no amino acid preferences, or exclusive sequence element(s), appear t o distinguish the Nterminal region of the thermophilic proteins from those of mesophilic counterparts. It is suggested that the thermal stability of Thermotoga EF-Tu is critically dependent upon unique tertiary structural interactions involving certain N-terminal residues of the molecule.
INTRODUCTION
Proteins from hyperthermophilic rnicro-organisms maintain their heat resistance upon expression in mesophilic hosts (Love & Streiff, 1987 ;  Tiboni ef a/,, 1989 ; Sanangelantoni e t d., 2992) , indicating that heat stability is solely due to intrinsic features of the molecule rather than to extrinsic factors (Fabry e t d., 1989 ; Schultes ef d., 1770).
Nonetheless, no unique amino acid substitution scheme, or exclusive sequence motif, distinguishes the thermophile proteins from their mesophile counterparts (Adams, 1993) . This implies that thermal resistance may be brought about by subtle (and elusive) primary structural changes resulting in increased hydrophobicity, chain rigidity and t Deceased.
overall tightness of intramolecular packing (Nosoh & Sekiguchi, 1990 ). However, evidence for this is scanty.
The elongation factors ubiquitously involved in aminoacyl-tRNA binding to ribosomes (EF-Tu for Bacteria ; EF-la for Archaea and Eucarya) offer a good case in protein stability studies. First, the available sequences (about 400 relatively conserved residues) span a host of evolutionarily diverse organisms including the hyperthermophilic bacterium Thermotogzl maritima (Bachleitner e t d., 1989) and an as yet unpublished sequence of Aqtlzfex p~~rophilzrs (W. Ludwig, Technische Unversitat Miinchen, Germany, personal communication) . Secondly, the stability difference between the T. m~r i t i m~ factor, which withstands temperatures up to 90-95 O C , and that of the mesophile E. dz, which is inactivated at temperatures slightly above 50 "C, is far greater than that seen for most other proteins. Thirdly, the T. mardima gene for EF-Tu IP: 54.70.40.11
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(~BJ can be overexpressed in E. m k i and the heterologous gene product can be easily purified via the selective denaturation of the (heat-labile) host-cell proteins (Tiboni ef al., 1984) . Lastly, the EF-Tu N-terminal domain involved in GTP binding and hydrolysis (about 200 residues) retains its GTP-binding capacity following removal of the middle and C-terminal domains involved in the binding of aminoacyl-tRNA, elongation factor Ts and kirromycin-like antibiotics (Weijland e t d,, 1992) . In principle this enables one to selectively modify tfregions corresponding to individual EF-Tu domains and to assess the stability of the encoded protein by means of simple functional assays. This approach may thus allow the localization of sequence elernent(s) that are responsible for the increased overall stability of the thermophile protein.
In this report, truncated versions of the T. m a r i h a EFTu, and chimeric (mesophile/thermophile) versions of both the full-length protein and the G domain, have been generated by manipulation of the tzf gene; the modified gene sequences have been expressed in E. d i and the thermal stability of the gene products has been monitored by means of GDP-binding assays. The results suggest that sequence element(s) located in the N-terminal portion of the G domain play a crucial role in maintaining the thermally stable conformation of the T. mrtritima protein, although no distinguishing primary structural features can be identified through comparison of thermophile and mesophile EF-Tus.
Bacterial strains and plasmids. Plasmids pTM6 (Tiboni e t al,, 1989 ) and AB80 (Bernardi & Bernardi, 1979) , containing the tnf genes of T. maritima and E. coli, respectively, were used to prepare the truncated and chimeric genes. Plasmids pDR720 (Russel & Bennet, 1982) , pBR322 (Bolivar e t a/., 1977) and pUC19 (Vieira & Messing, 1982) were used as the vectors and E. coli HBlOl as the host. Plasmid-containing strains were grown either in LB medium or in M9 medium supplemented with 50 pg ampicillin m1-l.
Recombinant DNA techniques. Plasmid DNA was isolated and purified using Qiagen tips following the procedures suggested by the supplier (Diagen). Recovery of DNA fragments from low-melting-point agarose gels was performed according to Higuchi et ~l . (1981) . Transformation experiments were carried out as described by Dagert & Ehrlich (1979) . Truncated tnf genes were obtained using the progressive deletion system ' Erase-a-Base' (Promega) following the manufacturer's instructions. The 3' end of the inserts cloned in pUCl9 was sequenced by the dideoxynucleotide chain-termination method of Sanger et al. (1977) . DNA was radiolabelled with [ z -~~S I~A T P M S (Amersharn; sp. act. > 37 TBq mmol-l) and primed as specified by the manufacturer using a T7 sequencing kit (Pharmacia).
Plasmid constructions. The recombinant plasmid pTM6 was digested with J'alI. The DNA fragment of 1905 bp, containing the entire tt/fgene and the 3' end of thefuJ gene, encoding the elongation factor G, was recovered from low-melting-point agarose gel and ligated into the unique SalI site of the expression vector pDR720 under the control of the inducible trp promoter. The T. maritima insert, together with the inducible trp promoter, was then transferred to the EcoRI site of pUC19 and the plasmid pTul was obtained (see Fig+ 3) . The control plasmid pTu6, containing the trp promoter and the 3' end of thefk gene, was derived from plasmid pTul by complete deletion of the EF-Tucoding sequence using the ' Erase-a-Base' system. This plasmid was also used as the vector to construct the recombinant plasmid pTuB. The pTuB plasmid, harbouring the E . cali trip gene under the trp promoter, was produced by EcoRV digestion of the recombinant plasrnid AB80 followed by cloning of the insert (about 3500 bp) into in the EcaRV site of pBR322. From this plasmid, the tz$B gene was first subcloned in pUC13, and then excised by digestion with BamHI and JpdI (pUC19 polylinker sites) and inserted in the control plasmid pTu6 digested with the same restriction enzymes (see Fig. 3 ).
Induction of transformed E. coli cells. E. coli HBlOl cells harbouring plasmids containing either the T. maritima t~f gene, or the manipulated genes, were grown at 37 "C to OD,,, 0.5 in M9 salt medium supplemented with 1.0 mM magnesium sulphate, 0.2 Yo glucose and 0.3 % Casamino acids; 3-P-indoleacrylic acid was then added to a concentration of 5.0 pg ml-' and the incubation was continued for a further 2.5 h. Cells were collected by centrifugation at 5000g for 10 min and washed with buffer A (50 mM Tris/HC1, pH 8 Q 1 0 mM MgCl,, 50 mhl KCl, 7.0 mM 2-mercaptoethanol) and stored at -20 *C until use.
Preparation of cell-free extracts and GDP-binding assays. Cells were broken by grinding with twice their own mass of alumina powder. The paste was extracted with buffer A (3-0 ml per g wet cells). After centrifugation at 30000g for 30 min to remove alumina and cell debris, the clear extracts were centrifuged at 1OOOOOg for 2 h and 100 pl aliquots of the resultant ribosome-free supernatant (S100, containing 8-12 rng protein rnl-', depending on the preparation), were incubated for 10 min at various temperatures between 65 'C and 95 "C. As noted elsewhere (Tiboni e t a] ., 1989), a preliminary 10 rnin incubation of the SlOO at 65 "C is essential for the activation of the T . mara' timtraa EF-Tu expressed by transformed E. cold cells and for denaturation of most E. coli host-cell proteins, After removal of precipitated proteins (10 min centrifugation at 10000 g) the GDP-binding activity was assayed by measuring the amount of [3H]GDP (Amersham; sp. act. 459 GBq mmol-l) bound by 10 pl of the heat-treated extracts, during a 10 min incubation at 30 or 65 "C (Tiboni e t a/., 1978) .
Separation of chimeric G domain. All operations were carried out at 4 "C. Cell-free extracts from 15 g of cells were prepared in buffer I3 (50 mM Tris/HCl, pH 7*4,10 mM MgCl,, 80 mM KCl, 7.0 mM 2-mercaptoethanol, 15 %, v/v, glycerol) as described previously. The protein solution (35 m1) was applied to a 2 5 x 35 cm DEAE-cellulose DE52 column equilibrated with buffer B. After adsorption of the sample, the column was developed with 1 1 80-320 mM KC1 gradient in buffer B at a constant flow rate of 50 ml h-' while collecting fractions of 12 ml. Fractions were assayed for GDP-binding activity at 30 *C and the protein profile was determined by SDS-PAGE. Positive fractions were pooled, dialysed against buffer B without glycerol, and solid ammonium sulphate was added to 75 Y o saturation. After centrifugation at 20000g for 15 min the protein precipitate was dissolved in buffer B containing 10 mM GDP.
The rmos t a bili t y of Tbermo toga mnritima EF-Tu KF-Tu homologous sequences were retrieved from the databases using the BLAST program (Altschul e# aL, 1990 ) through the Human Genome Mapping Project (HGMP) facility, Carnbridge, UK. Multiple alignmcnts were obtained using the CLUSTAL w (1.4) program in the GCG software package,
RESULTS AND DISCUSSION
The T. maritima EF-Tu sequence was aligned with all of the bacterial and archaeal sequences presently available in the databanks, and with an as yet unpublished EF-Tu sequence from the hyperthermophilic bacterium Aquzfex pjvrophih ( (Fig. 1) . Additional progressive deletions were produced by the ' Erase-aBase ' system starting from a BgllI/KpnI-digested pTul plasmid. The resultant recombinant plasmids were analysed for insert length and only inserts having a suitable size were sequenced at the 3' end. Clones having a termination codon immediately downstream of the T. mrxritima tuf sequence, namely pTu3, pTu4, pTu5 (whose encoded polypeptide is indicated by an arrow on the last amino acid in the alignment shown in Fig. 1 ) and pTu6 [in which the entire tafgene had been deleted), were selected for further analysis.
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Expression of the truncated genes and thermal stability of the gene products
As Fig. 1 shows, all of the polypeptides encoded by the truncated tnf genes contain the three consensus elements required to form the nucleotide-binding pocket. wcre also prepared from cells containing the control plasmid pTu6. In preliminary assays, all extracts, except those derived from cclls containing plasmids pTu5 and pTu6, were found to exhibit an appreciable GDP-binding capacity following incubation at 65 ' C (data not shown).
As the pTu5-encoded protein ( Fig. 1) protein by the two latter clones can still be inferred by the GDP-binding capacity of the extracts (Fig. 2b) .
The results of GDP-binding assays carried out using several independent SlOO preparations of each of the four recombinant clones are shown in Fig. 2(b) . Variations in the GDP-binding capacity of the different preparations obtained from the same recombinant clone are probably accounted for by different activation levels attained by the The r mus t a bili t y of Therma t o p ma ritima EF-T u Despite differences in thc activity levels, however, independent preparations obtained from the same parent clone exhibit similar thermal-inactivation profiles. Indeed, the pTul -encoded protein (full-length EF-Tu) is still apparent in the gel electrophoretic patterns of extracts heated up to 95 O C : (Fig. 2a) and its GDP-binding activity is not abolished following heating (Fig. 2b) .
The plots in Fig. 2(b) also show that the plasmid pTu2-encoded protein (aa 1-316), which lacks the last 86 Cterminal residues of the EF-Tu appears to be less heat stable than the full-length protein: its activity is completely abolished by heating at 90 "C and greatly reduced by heating at 85 ' (3 (as deduced by GDP-binding assays). No further reduction of the protein's stability occurs upon removal of 40 additional residues (plasmid pTu3, aa 1-276). Also, no further decrease in thermal stability is observed by extending deletions up to clone pTu4 which encodes the T. maritinaa G domain. In fact, the isolated G domain (aa 1-206) seems to be more heat stable than the pTu2-and pTu3-encoded proteins, although somewhat less stable than the full-length EF-Tu, This latter point is inferred by the fact that the protein is still abundant following heating of the extracts at 85 O C , but totally absent following heating at 95 "C.
The different stabilities of the three truncated proteins can be interpreted on the basis of the known three-dimensional structure of E. cofi EF-Tu (Kjeldgaard & Nyborg, 1992 ). This appears to comprise three domains [aa 1-200 (G domain), aa209-299 (domain 11) and aa300-393 (domain III)] whose interactions are important for the global function of the protein, and its overall structure is basically conserved in the thermvphilic bacterium Thermns thenr,ophil,w (Berchtold ef LI/., 1993) . Although the native EF-Tu is required for tRNA binding to ribosomes, the three isolated domains do possess some of the El?-Tu activities. Namely, the b. ~o l i G domain prepared using a genetically engineered ttjA (Parrneggiani c t a/., 1987) has been shown to retain certain properties of the intact molecule such as GDP and GTP-binding capacity and to display an intrinsic GTPase activity. Domain LI/III (middle and C-terminal domains), isolated as a single polypeptide by tryptic digestion of the Trjsrnms thel-mofihihs EF-Tu, has been shown to maintain the ability to bind the elongation factor T s and to be essentially refractory to proteolytic attack (Peter ek al., 1990) . As the isolated domains, although stable, are more prone to thermal denaturation than the intact protein, it seems that the ability af the thermophile EF-Tu to withstand temperatures up to 95 "C rests not only on specific amino acid preferences, but also on stabilizing co-operative interactions between the three domains. As the truncated Tharmatoga maritdmd EF-Tus encoded by plasmids pTu2 and pTu3 lack either a segment of domain 111 (pT.21, or the entire domain I11 and part of domain L 1 (pTu3), they are probably unable to attain the correct tertiary folding and, for this reason, they are more susceptible to thermal denaturation. In addition, as all the h t t genes possess an identical upstream region comprising promoter and ribosome-binding sitc, the low expression levels of the recombinant protein in cells harbouring plasmids pTu2 and pTu3 can be accounted for by degradation of the gene products by proteases of the mesophile host. If this is the case, the relative abundance of 7'. ~arrriklma (; domain in E. cub' cells harbouring the pTu4 plasmid could reflect a more compact tertiary packing, rendering the protein less susceptible to proteolytic attack.
As expected, no GDP-bindlng actiTity, arid no extra bands, are discerniblc in SlO0 extracts prepared from E. c d i cells containing the control plasmid pTu6 (Fig. 2a, b ). 
Construction of chimeric tuf genes and analysis of the encoded products
Since a unique BclI site lies at an identical position (nucleotide 273) in both the T. rnaritinza (Bachleitner e t al., 1989) and the E. c d i (An & Friesen, 1980; Yokota et d., 1980) tzif gene sequences, hybrid genes were constructed to assess the contribution of the first 90 amino acids to the hcat stability of both the T. mnritzmd EF-Tu and the isolated G domain. To this end, the recombinant plasmids pTul, pTu4 and pTuB (harbouring the E. m'i tq'B gene) were digested with XhoI and BclI and the resultant fragments were ligated to generate the chimeras shown in Fig. 3 . SDS-PAGE analysis of crude extracts obtained from E .
coli cells transformed with recombinant plasmids encoding a chimeric EF-Tu, or a chimeric G domain, displayed an extra band of molecular mass about 48 or 30 kDa, respectively (Fig. 4b, d) . Incubation of the extracts at increasing temperatures (up to 85-90 "C) showed that replacement of the N-terminal portion (90 aa) of the thermophile proteins with the corresponding portion of their mesophile (E. colz] counterpart does affect the protein's thermal stability. As Fig. 4(a, b) shows, while the protein band (arrow in Fig. 4) corresponding to the T. maridima EF-Tu tolerates heating at 85 ' C , the chimeric protein begins to disappear following incubation of the extracts at 70 "C. Therefore, this region of the 7'. mnaritz~;iaa EF-Tu harbours sequence element(s) which are essential for the maintenance of its thermally stable conformation. When the same analysis was extended to the G domain (Fig. 4c, d) , which lacks the co-operative interactions with domains I1 and 111, the effect of temperature on protein stability was more dramatic, the chimeric protein being as heat labile as the mesophile EF-Tu.
The authenticity of the chimeric EF-Tu was confirmed by testing the ability of cell-free extracts to bind GDP at 65 "C (data not shown), The same experiment was not feasible in the case of the chimeric G domain, as the protein was completely inactivated at 65 "C and a GDPbinding assay done belox7 this temperature did not allow discrimination of the chimeric G domain and the host EF-T u activities. Accordingly, separation of this chimeric protein from the E. culi EF-Tu was undertaken, Extracts prepared from E . ~~l i cells harbouring the recombinant plasmid encoding the chimeric G domain were chromatographed on a DEAE-cellulose column and the fractions were tested for GDP-binding activity at 30 "C. As Fig. 5 shows, two activity peaks were detected and identified as the E. coli EF-Tu and the chimeric G domain, respectively, on the basis of their SDS-PAGE Thermosta bjli ty of Thurmoto,qo maritimn EF-Tu mobility. Thy partially purified chimcric ( ; domain was then incubated at increasing temperatures (betwcen 45 and 90 "C). A s Fig. 6 shows, the GDP-binding activity of the chimeric protein was drastically reduced following incubation at 60 *C and disappeared altogether upon incubation at 65 "C in accordance with the gel electrophoretic patterns of crude extracts in Fig. 4(d) .
O n the whole, the results in Fig. 4 indicate that the thermal stability of both the thermophilic EF-Tu and the G domain are crucially dependent upon residues situated in the N-terminal region of the molecule, within the first half of the G domain. However, we have found that replacement of the first 90 residues of the mesophile (E. G u I~) EF-Tu with the. corresponding region of the T , maritimd protein does not result in increased heat stability (data not shown). W' e interpret this result as indicating that the remarkable heat resistance of the T. maritima EF-T u is critically dependent upon unique tertiary structural interactions between certain N-terminal residues and distal residues that are absent in the k. roli moiety of the hybrid protein.
Conclusions
Primary structural comparison and engineering of the tiif gene sequence of the thertnophile '1.. mrrrifima allow the following conclusions, (1) Interactions between the three domains constituting the native EF-Tu play a role in maintaining the heat stability of the molecule. This is supported by the evidence that the isolated G domain of T. maritha EF-Tu is slightly less stable than the fulllength protein, in accordance with the situation in E. The data encourage random mutagenesis experiments focused on the initial portion of the T , mwrittma bfgene.
Combined functional and structural studies of the modified EF-Tus ma!-cast light on the niechanism(s) that enable the thermophile factor to retain catalytic activity near the temperature of boiling water.
